of the magnets but has additional power supplies that make it more flexible regarding optimization of lattice functions, which may be required for injection or inclusion of insertion devices later. The third lattice requires azimuthal rearrangement of various magnets and closely resembles the working BESSY lattice; it provides an electron beam with improved brightness resulting from a significantly smaller natural emittance compared to that provided by the other two lattices. The main machine parameters relevant for instabilities and ion effects are listed in Table I for the three lattices. The RF related parameters will be given separately in the section on coherent instabilities.
The behavior of the three lattice options in terms of intrabeam scattering, Touschek scattering and longitudinal microwave bunch lengthening has been reported in a separate paper. [2) In the following, we begin in Section II with a study of the coherent effects. We discuss the beam storage ring impedances and the RF parameters used for these calculations, followed by an examination of the longitudinal and transverse coupled bunch instabilities, simple threshold considerations of single bunch fast instabilities, potential-well distortion by the high current beam in a single bunch mode and simple considerations of Landau damping. Feedback systems and higher harmonic Landau cavities required to suppress the growing instabilities are discussed next in Section [I\. In Section IV, the ion trapping condition and the effect of trapped ions are studied by means of a simple linear model as well as via a numerical simulation that treats the nonlinear electric field of a transversely bi-Gaussian bunch exactly.
Tune shifts, tune spreads and the increase in the equivalent background gas pressure (which limits the beam lifetime by multiple gas scattering) due to ions are also investigated. Finally we close in Section V with a summary and suggestions for useful future experiments on Aladdin. 2 
II. Coherent Instabilities
There are already indications of coherent instabilities in the present low current operation of Aladdin with low energy (lOa MeV) injection. Observed bunch lengths are compatible [2] with turbulent bunch le ngthening due to longitudinal microwave instability. There is·also ev idence of longitudinal coupled bunch modes being excited in the beam by the storage ring impedance. Transverse coupled bunch modes are not observed, but the beam transverse motion is plagued by the accumulated ion e ffec t , as we sha ll see in Section IV. The large transverse tune spread due to trapped ion s destroys transverse coherence of the beam via phase-mixing and Landau damps the transverse instability. In orde r to obtain estimates of coherent growth rates, freq ue ncy sh ifts etc. for the Aladdin lattices , we first need estimates of the beam-storage ring longitud ina l and transverse coup ling impedances. The va lues we used for our ca lcul ations are discussed in the following.
Impedances
The primary e le ments in a storage ring tha t cause a bunch to feel the wake fie lds created by t he other bunches ahead of it a nd thus produce coupled bunch coherent effects, are narrow-band resona t or type objects, e .g., the RF cav ities themselves, with a ll their higher order, high Q e lectromagnetic modes. These modes can be characterized by a resonance frequency "'r> a quality factor Q and a shunt impedance RS in ohms for longitudinal modes (or RT in ohm s per meter for transverse deflecting modes). The longitudina l and transverse impedances of a ny of these cav ity resonances as a function of frequency are given by: The energy acceptance of the RF buckets was always chosen to be 20 times the natural rms energy spread of the beam, thus allowing room for bunch lengthening by microwave blow up and intrabeam scattering .
We also used an estimated impedance of the whole vacuum chamber including all the installed elements other than the RF cavities. These include contribution from the smooth round pipe and rectangular sections giving an overall resistive wall impedance, reactive components coming from the bellows and pick-ups, contribution from transitions etc.
The impedances have been estimated by J. Bisognano and H. Lancaster [ 4) for the Aladdin vacuum chamber and correspond to a broadband longitudinal impedance of I z Illn I '" 6 ohms . This value is used as the shunt impedance of a Q = I resonator centered at the cut-off frequency to simulate the broadband 4 component of the ring impedance. In our calculations we have also used the direct space-charge impedance [5] of the beams determined by their transverse dimensions and the width of the vacuum chamber (taken to be 0.0365l meters). Resistive -wall impedances [5] have been calculated for stainless steel vacuum chamber. but other materials such as copper and aluminum have also been investigated. with no significant change in the results. The broadband transverse impedance is simply calculated from the corresponding longitudinal one by the approximate relation [5] 
where c is the speed of light and b is the effective chamber radius. taken to be 0.0365l mete r.
Coupled Bunch Mode Instabilities
To exa mine the coup led bunch mode instabilities. we have made use of the computer code ZAP that is now being developed at LBL. At present. in addition to computing various other single particle and collective effects. the code ca lculates the coherent growth rates and real frequency shifts of longitudinal and transverse couple bunch modes using theoretical expressions developed by F. Sacherer. 
where n is an integer (_00 < n < _ ), Q S is the synchrotron tune and Q is the betatron tune. In a spectrum analyzer observing real positive frequencies only, one obtains a spectrum containing upper and lower side-bands around the revolution harmonics.
Higher order synchrotron modes are harder to exc ite and are less harmful to the We note that the growth rates are linear in current with a very weak nonlinear dependence given by a form factor F ( IIM):
Typically we have found that approximately half of the total number of coupled bunch modes grow, and half are damped. By switching off various compone nts of the ring impedance, and using different wall materials, we ha ve ascertained that the growth is mainly due to RF cavities.
The low energy (100 MeV), low current (1-10 mAl behavior of existing Aladdin -I is c haracterized by a longitudinal coupled bunch in stability growth rate of
gcoh '" 100 sec damping rate is 9 SR
( 1:
'" -0.15 sec at most, whereas the synchrotron radiation ( 1: d '" 6.7 sec). Thus amp and we expect coupled bunch instability. 7 The high energy (800 MeV) behavior is qualitatively the same for all three lattices.
We have at low currents (I - There is the possibility of another fast transverse instability, different from above and known as the transver se fast head-ta il instability. It arises from transverse mode coupling even with zero c hr.omaticity (sync hrotron modes 0 a nd -I confluence and couple with each other). The threshold for this ins tability is given by [7] :
where we have used for the t.ransverse impedance ( 10) Only the broadband par t of the impedance will contribute significantly to this single bunch e ffect. For Aladdin-l at 100 MeV, " ~ 0.019 m at vanishing curre nt, So while fast head-tail insta bility may occur at low energy (l00 MeV) for curren ts above 45 rnA approxima tely, 200 rnA of average c urrent at high e nergy (800 MeV) is expected to be immune to this tr ansver se mode -coupling instability.
Single bunch ope ration at 800 MeV with an average current of 200 rnA put in a single bunch will experience potential well distortion and bunch lenghte ning . [5] For all 10 the Aladdin lattices this potential well bunch lengthening is modest and largely overwhelmed by the microwave lengthening which keeps the bunch below microwave threshold. For the h =15 harmonic RF system, the incoherent synchrotron frequenc y shift due to potential well distortion is typically c::) = 10 % for all three lattices.
Landau Damping
For small bunches, the synchrotron frequency as a function of osci llation amplitude, a (in radians) is given by
For a maximum a mplitude of a max = "e' the frequency spread in the bunch is h 2 2 ~ ~ 16 (12) For a bucket height of 20 "p' h"e = (,,120). The natural sync hrotron tune spread in bunches due to bucket nonlinearity is typically 3.8x10-6 I I for the Aladdin lattices at BOO MeV. For the ~th synchrotron mode,
.BxlO-6 « co wa th Coherent frequency is thus shifted beyond the natural width of ~-synchrotron band.
Landau damping is thus poor and insufficient to stabilize the beam. We would require either active feedback or larger synchrotron tune spreads to stabilize the beam.
III. Feedback Systems and Landau Cav ities
It is apparent that we would need to suppress the potentially growing coup led bunch modes in future upgraded Aladdin operation at BOO MeV even with a new injector.
One way to stabilize the beam is to add a higher harmonic Landau RF cavity in addition to the fundamental accelerating cavity. If properly chosen, such a cavity would flatten out the RF potential well and provide a significantly larger synchrotron tune spread due to increased nonlinearity of synchrotron motion. [B) Landau damping is thus enhanced and helps stabilize the beam. A proper choice would be a cavity with a frequency that is a harmonic N of the fundamental and a vo ltage (V RF/N), where VRF is the vo ltage on the fundamenta l RF cavity. A third harmonic cavity is a usual choice. Landau cavities can also be used to slightly detune the synchrotron frequency from bunch to bunch which acts as an effective tune-spread and provides Landau damping for the coupled bunch modes.
Another way to suppress the coup led bunch modes would be via an active feedback damping system . Consider a longitudinal feedback system as an example. The system would have to act on all M bunches, i.i'!" affect a ll M coupled bunch modes. It is cle ar from Synchrotron damping at 800 MeV will reduce t his value substantially.
The use fu l damping signal power into the kicker is ( R k) in is the input resistance to the kicker. The kicker sign al would be proportional to the average e nergy deviation E of the sample of particles. The requi red powe r to the kicker is
where K is the dimensionless kicker sensiti vity. Total power to the kicker required to damp a ll modes is P k = L: P~. At 800 MeV, with a kicker sensitiv ity K of unity and Feedback with a 500 MHz RF cavity and all the buckets filled is more difficult. The transver se e lectric fi e ld is generally given in terms of error functions. For round
Gaussian beams with Ox = 0z = 0, the radia l e lectric field is given by:
where ~8 ( z , z ' ) , (x, z) and (x ' , z ') planes. For
• z < ' x ' it is the vertica l over focusing that determines the unstable ion motion, i.e., it is. that establishes the ion trapping limit. Unlike the linear model, however, the z stability of an ion in this nonlinear simulation depends very much on the loca tion of the ion within t he beam. There is a critica l radius r cr' above which an ion may not be trapped , although it is trapped for r " r cr' If r cr is of the order of a few bea m radii, the io n is trappe d while if r cr is very small compared to the beam radius, the ion is un trappe d for all practical purposes.
A typical tracking result fo r a CO 2 -ion (A = 44) moving in the fi e lds of the electron bunches in Aladdin -I, fo r example , is shown in Table V where t is the beam gap (in secs) and To is the revolution period in the storage ring.
If h is the number of buckets in the ring, M -(1-«) h and the above inequality reduces to
F or any ion experiencing a focal length f from the successive electron bunches, the minimum gap to circumference ratio "mi n is determined by the physical solution of the quadratic equation given by the equality sign above and is seen to be ( 21 ) Indeed the simu lation resu lts shown in Table V illustrate that multi-bunch operation at high current can be made safe by leaving a gap in the train of bunches e.g. 10 consecutive bunches, followed by a 5-bucket gap at 200 mA or 5 bunches followed by a 10 bucket gap at 100 rnA, etc .
We may thus summarize, as far as the simple condition for ion trapping is Given that the ions are trapped and start to accumulate, we will now look at the effect of these accumulated ions. The accumulation continues until the defocussing force due to ion space-charge in the drift region is strong enough for the stab ility limit to be reached. The limiting ion density d; in this equilibrium accumulation limit is obtained by replacing the drift le ngth by a defocussing thick lens and is given by[lo] where
is the ionization time (time taken by one electron to create -one ion), d m being the residual molecular density and 0; the ionization cross section.
Typical neutralization times are 1 n t -.5 sec. at a background gas pressure of eu r. -9 -II 10 torr and 1 neutr. -50 sec. at 10 torr, both at room temperature of 300 o K.
The tune-shift caused by accumulated ions is given by [lO] while t he incoherent Las lett tune-shift due to space-charge is given byllO]
Since d i = nd e , we have 
Vertical betatron tune-shifts due to ions are of the order of 10-2 at 2 rnA and 1-5
at 200 rnA for all the Aladdin lattices at a coupling « xlc z) of 10: I; their dependence on energy is weak. Assuming full neutralization, the tune shift is not affected by the neutralization factor n, which decreases only slightly due to the smaller longitudinal beam dimensions at a higher energy. These large tune shift s can be appreciated by looking at the Laslett tune-shifts for Aladdin-I at 100 MeV and 800 MeV show n in Figs. 7 and 8 respectively as a function of beam average current and remembering that ny 2 is a large number. These tune-shifts were calculated from Eq. (25) by using the computer code ZAP, mentioned earlier in Sectio n I!.
The equivalent background gas pressure for gas scattering is raised due to the accumulated ions. Ion pressures at full neutralization, as computed with ZAP, at 100 MeV and 800 MeV for Aladdin-l are plotted in Fig. 9 and to respectively as a function of beam current. In Fig. 11 we show the dependence of ion pressure on energy for Aladdin-I. Note the hump in this last curve at around 400 MeV where the beam equilibrium transverse emittance is minimum.[2l Our investigation of ion trapping effects does indicate improved performance of Aladdin at high current, but not at high energy. However there is an important distinction between the low energy and high energy regimes as far as ions are concerned. We note that the damping times are of the order of 10 secs. at 100 MeV and 10 m-sec. at 800 MeV, while the neutralization time is about (1/2) sec. at both energies.
Thus 100 MeV;
neutr.
Neutralization is therefore expected to be complete at low energy and incomplete at high energy. High energy may not be as harmful from the ion point of view.
However the high energy regime is prone to electron-ion collective oscillations. The transverse quadrupole throbbing motion of the beam-ion system is unstable for any integer n > 20 z if[12l (27) is satisfied. This is approximately the beam-ion quadrupole resonance condition For comparable rates of damping and neutralization time, an equilibrium may be reached, determined by the balance of radiation damping and instability growth.
Ion trapping is an e lusive and poorly understood subject. However electron storage rings in this energy range (I GeV) seem to operate favorably in a high current (few hundred rnA) mode, with associated large transverse tune-spreads due to trapped ions. Ions are more of a gift in that they stabilize an otherwise unstable transverse motion via Landau damping due to large tune-spread. It seems to be nature's way of making electron rings at a few GeV energy work. Once the initial barrier of getting enough current into the ring is crossed with the help of a full energy injector, Aladdin is expected to benefit from the ions rather than suffer because of them . The tune spread due to nonlinearity in the transverse electric field is expected to be of the same order of magnitude as the incoherent tune-shift due to ions, which is large as we have seen above and far exceeds any coherent frequency shift due to ring transverse impedances.
V. Summary and Suggested Experiments
It is clear from our investigation that coherent instabilities and ion effects that limit the present Aladdin operation will not be removed completely by a full-energy injector. However operation-at 800 MeV with a full-energy injector is certainly more 23 favorable and susceptible to various means of cure. Single bunch coherent phenomena are not expected to be serious at 800 MeV up to 200 rnA average beam current. Coupled bunch modes will persist but the transverse coup led bunch instability will be heavily Landau damped by the betatron tune-spread due to accumu lated ions, while the longitudinal coupled bunch modes cou ld be damped by a carefully designed feedback system. RF cavities could be designed anew to reduce higher order mode impedances.
Longitudinal growth rates at 800 MeV with the new ly designed 50.4473 MHz cavity are two orders of magnitude sma ller than those at 100 MeV and certainly encouraging. The 50 MHz RF cavity seems preferable to a 500 MHz RF cavity from the point of view of simplicity and cost of a feedback system design. Longitudinal and transverse coupled bunch growth rates also seem to be faster with the higher frequency RF cavity, but this could be due to accidental tuning of resonances and can probably be avoided by redesigning the RF cavity.
Ion trapping is expected to be just as prevalent at 800 MeV as at 100 MeV.
However, at 800 MeV, trapping could be avoided by leaving a large gap in the train of bunches. At low energy, even such a strategy seems to be useless. It is easier to inject more beam at a higher energy and ion trapping gets better at high currents anyway.
Moreover the residual of trapped ions will be beneficial from the transverse stability point of view. • Equilibrium Longitudinal Mom.
-4 Spread 0po = (8p / p o )r ms [10 ] (zero current I = 0)
• 
